A non-perturbing electron beam diagnostic system for measuring the charge distribution of an ion beam is developed for Heavy Ion Fusion (HIF) beam physics studies. Conventional diagnostics require temporary insertion of sensors into the beam, but such diagnostics stop the beam, or significantly alter its properties. In this diagnostic a low energy, low current electron beam is swept transversely across the ion beam; the measured electron beam deflection is used to infer the charge density profile of the ion beam. The initial application of this diagnostic is to the Neutralized Transport Experiment (NTX), which is exploring the physics of spacecharge-dominated beam focusing onto a small spot using a neutralizing plasma. Design and development of this diagnostic and performance with the NTX ion beamline is presented. a)
I. INTRODUCTION
The Heavy Ion Fusion program 1 includes a series of experiments [2] [3] [4] designed to test concepts for accelerator-based inertial fusion drivers as well as high energy density physics (HEDP). One such experiment, the Neutralized Transport Experiment 2 (NTX), investigates the use of beam neutralization techniques to mitigate space-charge-induced beam blow-up as the beam travels the last few meters to the target. NTX utilizes a K + beam [5] [6] having a large radius at the entrance to the neutralization section, and it is this beam that is to be characterized.
Measurement of the charge distribution and the phase space of an ion beam using conventional intercepting diagnostics such as a Faraday cup, slit cup, wire scanner, pepperpot 7-8 , or scintillator often completely disrupts the ion beam itself. This is presently unavoidable for phase space measurements, though total beam charge can be measured non-perturbatively using a Rogowski coil or other similar inductive probes located around the beam. Such devices cannot quantify the transverse cross sectional charge distribution in the beam. The diagnostic system presented here is designed to non-perturbatively quantify the transverse cross sectional charge distribution, assuming the beam is "long" and slowly changing in the longitudinal direction. Recently a few attempts [9] [10] [11] have been made to use an electron beam probe for monitoring the longitudinal charge distribution of small diameter relativistic electron bunches where magnetic fields predominate. These diagnostics are not suitable for measurement of large diameter non-relativistic-ion beams where electric fields predominate. We have developed for this purpose a scanning electron beam probe, which has negligible interaction with the ion beam, and which does not require physical motion of its source position. Other advantages of this diagnostic are: (1) good detection resolution, (2) negligible loss of energy or particles of electron or ion beams, (3) absence of thermal or radiation load on structure and (4) absence of secondary electron emission during ion beam investigation. Though electron beam probes have been suggested and built [12] [13] [14] , including use of the commercial black and white emittance-dominated television-gun, there were difficulties in instrumentation and measurement techniques; lack of a low energy electron-detecting scintillator with sufficient photon emission; difficulty of experimental setup; methods of data extraction; and including inaccurate placement and measurement of the e-beam on-axis due to deflection by low-level background magnetic fields. The techniques described in this article have overcome many of the difficulties encountered in earlier approaches. Instead of physically translating the electron gun 13 , dipole magnets in a chicane are used, allowing the electron beam to sweep over the ion beam without a change in their direction through the ion beam. The e-beam emittance growth, due to space charge and geometrical aberration, is minimized by choosing a gun of a low current (1µA) and a design based on calculations using the SIMION 3D ray-tracing code. Low level background magnetic fields (<1 G) are cancelled using a rectangular shape Helmholtz coil around the e-beam. In this system, a 5 to 8 keV e-beam, from a fixed location, is transversely swept across an ion beam by 2 dipole magnets but maintaining its horizontal direction towards an electron detecting-scintillator. The image of the e-beam on the scintillator is monitored using a computerized gated camera, and data is extracted and analyzed by a program written using the image analysis program Image-J
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The conceptual basis of the diagnostic is presented in Section II; the design and development of the system are presented in Section III. Characterization of the mechanical construction, electron beam transport, and its trajectory across the magnets is presented in Section IV. Ion beamline results are presented in Section V of this article.
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II. CONCEPTUAL BASIS OF THE DIAGNOSTIC
Assume a collection of charged particles having an arbitrary 2-D density distribution which is invariant along the 3rd longitudinal direction. This is descriptive of the NTX ion and other long beams. We direct a beam of probe electrons transversely through the ion beam. By measuring transverse deflections of probe electrons orthogonal to their direction of motion after they pass through an ion beam, the charge distribution of the ion beam can be calculated as described in the next paragraph. To determine an arbitrary 2-D transverse distribution, tomographic techniques using more than one direction of the electron beam are required, which is presently beyond the scope of this experiment. Nevertheless, the following theory is easily and straightforwardly extendible for determining the Radon Transform of the 2-D density profile, which is the basis of tomographic reconstruction. 
and, from the relationship between the deflection angle Φ and the y-component of the electric
field y E , we have,
Therefore a slit or wire-scan charge profile measurement can be related to an e-beam deflection scan measurement through its derivative. To determine, without making any 
where 0 r is the exponential decay radius. Similar formulas have been derived for hard-edged uniform, Gaussian, and Gaussian-hollow axisymmetric beam density distributions. Common to all solutions is the result that deflection angle is invariant with Y, once the entire charge distribution is not intercepted. The above analyses assume linear electron trajectories from X = −∞ X = +∞ with a ground potential at infinity. The actual diagnostic is compact, with ground surfaces near the beam with a complicated electron trajectory. Figure 2 shows a typical electron beam trajectory of the diagnostic system, and is described in detail in the next paragraph. Numerical simulation must be used to determine axisymmetric charge density distribution for this complicated geometry. Figure 3 shows numerical calculations of a 8 keV electron beam deflection for a typical NTX, K + ion beam of radius 1 cm, energy of 264 keV, with a current of 25 mA, assuming a Gaussian axis symmetric charge density. Figure 2 shows e-beam diagnostic system consists of an electron gun (e-gun), the ebeam image detector, and four dipole magnets (D1 to D4) of equal strengths for a chicane system, wired in series to produce the field directions shown. The idea of the magnetic chicane system is that the e-beam trajectory can be swept in the vertical direction, while remaining 8 parallel to the horizontal axis in the gap between the magnets D2 and D3. In the absence of an ion beam, D1 and D2 generate a parallel offset of the e-beam trajectory, and D3 and D4 return the e-beam to its initial direction. Now, if an ion beam is drifting perpendicularly to the e-beam in the space between the magnets D2 and D3, the e-beam will be deflected by the electrostatic charge of the ion beam, and its trajectory through magnets D3 and D4 is altered. By measuring the net deflection on a scintillator (S), as a function of the e-beam scan height or offset, the profile of the ion beam is characterized. The offset of the electron beam as it enters the beam is determined by the strength of the magnets, and the final e-beam deflection is measured as a function of the initial e-beam offset.
III. DESIGN AND DEVELOPMENT
Development of the diagnostic includes: (1) selection of a compact low emittance electron gun to provide a small beam spot for good resolution. The gun needs to be compact to minimize space requirements and for easy handling, and the cathode heating has to be used without additional heat shielding and cooling systems. (2) Selection of a scintillator for detection of low energy electron beams. The scintillator was specially prepared in order to receive a usable optical signal by removing e-beam charges to ground and thus to minimize noise of electrons near the detector surface. (3) Design, construction and assembly of chicane magnets, and (4) design and construction of magnetic shielding hardware (Helmholtz coil in our setup), to cancel ambient magnetic field around the diagnostic chamber. Figure 4 shows an initial sketch of assembly. A brief description of each of these major components is presented below.
A. Electron gun
A Kimball Physics electron gun, model EGG-3101, step-tuned, 0-10 kV, 0-10 µA electron current using a LaB 6 cathode 16, 17 was used. The gun has a thermal energy spread (∆E) of 4eV with a Gaussian beam profile, and ± 0.01% per hour beam stability. The gun has the option of pulse lengths range from 50 ns to 1ms with repetition rates up to 20% duty cycle, which will allow time-resolved measurements of the ion beam from head to tail.
B. Chicane Magnets
The chicane magnets provide a vertical scan (translation) of the e-beam over ± 3 cm. A magnetic induction range of B= ± 43.5 G is required in each magnet gap to provide this translation range. It was desirable to minimize current requirements for a low-cost implementation compatible with high vacuum. Four identical compact iron-dominated, DC normal-conductor H-shape dipole magnets were designed and verified for field quality using the PANDIRA code 18 . Figure 5 shows various quarter-section flux plots. The dipoles are iron-dominated to minimize current and resistive heat loss, provide high field uniformity and to minimize stray magnetic field. They are designed to operate in vacuum, in order to eliminate the need for a vacuum chamber that can fit between the pole tips.
Aluminum coils were machined from 6061-T6 aluminum, then hard anodized for electrical insulation, eliminating the need for organic or fiber base inorganic insulation, which would be less vacuum-compatible. A low current density minimizes resistive loss, and allows coil cooling by radiation only, eliminating the need for water cooling in vacuum. A small number of turns minimizes voltage drop and conductor total area. Table 1 
C. Scintillator
There has been significant development of scintillator as particle optics detecting detector in the past [19] [20] . Yttrium Aluminum Perovskite Scintillator (YAP:Ce) [21] [22] [23] [24] was used in this system for electron beam detection. Table 2 shows data of YAP:Ce scintillator. The stopping depth of the 5 keV e-beams in the YAP scintillator was calculated to be 0.028 µm using the Bethe formula [25] [26] . If a segment or pixel of the scintillator is isolated from the ground, charge can build up on the front surface of the scintillator which may repel the incoming beam particles as they approach the scintillator surface. A 100-nm aluminum coating was evaporated on the scintillator to drain this charge. The capacitance of scintillator-embedded charge relative to the aluminum layer is calculated to be 5.28x10 -7 farad. An RC time constant 2.23x10 -13 sec was calculated for the surface coating, and is sufficient for charge draining. This thickness of aluminum has a stopping power of approximately 1.2 keV.
D. Geomagnetic field cancellation
The 
IV. MECHANICAL CONSTRUCTION
The locations of the e-gun, dipole magnets (D1 to D4) and scintillator (S) are shown in Fig. 4 , and a picture of the installation, surrounded by a Helmholtz coil in the NTX beamline is shown in Fig. 8 . A computer-controlled, image-intensified CCD camera imaged the e-beam spot on the scintillator. The pressure of the system was ≤10 -7 Torr. Using a current of 4 A in the Helmholtz coil, the e-beam was directed in a straight line along the axis. function of dipole magnet current, is calculated to be
where r(B) is radius of electron motion, usually defined by / mv qB with usual meaning of the symbols, L is the magnet length along e-beam, Φ is the angle of deflection, defined as 
where I is the current in the dipole magnet, η is the magnetic efficiency (0.961),ξ is the fringes field factor (1), N is the number of turns (2), constant term, Fig. 2) , and converging at the horizontal line (e-beam propagating axis) at the scintillator (S) after it passed through the all 4 magnets (D1 to D4), respectively. We measured a displacement of ± 3 cm by applying a current of ±7A, and this indicated that a large, 6 cm diameter, ion beam cross-section scan is possible using the diagnostic. The e-beam was converging with the horizontal axis at the scintillator (S) after traveling through the magnets D3 and D4 (Fig. 2) , when there was no ion beam traveling through the gap between the magnets D2 and D3. In Fig. 10 , measured data agreed well with our diagnostic design concept as magnets D1 and D2 generated a parallel offset of the e-beam trajectory and D3 and D4
returned to its initial condition in the absence of an ion beam. In the data, some residual vertical deflection remains at the end of the e-beam line was observed. One possible cause for this residual vertical deflection is that there is a time-dependent magnetic field hysteresis.
Another possibility is that the gap fields of the four magnets are not exactly equal in magnitude.
We have studied two different modes for operating the chicane system. The first is to place the scintillator at the focal point after D4. The second is to place the scintillator at around the position of D3 (with D3 and D4 removed). The first option involves a smaller scintillator, but a longer electron path, and hence greater susceptibility to unwanted e-beam perturbation by stray fields. The second option requires a larger scintillator, but the e-beam trajectory is shorter, and measurement of the beam deflection due to ion charge is more direct. During the later stage of the experiment, we procured a larger scintillator and made measurements in the second configuration with two magnets (D1 and D2) only, and D3 and D4 were removed. Most of the beam data presented in this report was taken in this configuration.
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V. RESULTS OF ION BEAM PROFILE MEASUREMENTS
The diagnostic system was installed in the NTX ion beam line, as shown in the Fig. 8 The steady e-beam was directed perpendicular to the ion beam axis. 
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Beam image on scintillator e-Beam diagnostic FIGURE 13 
